We demonstrate that a parametrically pumped picosecond laser has enough coherence and energy to write transient phase gratings at nonresonant interaction, thus allowing a study of time-resolved carrier transport in CdTe crystals to be made. Autocorrelation trace of light diffraction efficiency on transient grating allowed us to measure a coherence length of the parametric generator. Carrier diffusion, recombination, and drift in light-created internal space-charge ͑SC͒ electric fields have been studied in vanadium or germanium doped semi-insulating CdTe crystals by nonresonant four-wave mixing technique at 940 nm wavelength. It was found that modification of the deep level charge state in CdTe:V by As codoping has changed the sign of majority carriers, responsible for the creation of SC field. Dynamics of free carrier grating decay in CdTe:Ge revealed an electron-governed very fast initial grating decay which develops with time into the double-exponential hole-governed grating decay. Time-resolved transient grating technique described in this article provides a powerful tool for investigation of the role of deep traps in photorefractive semiconductors and optimization of their photoelectric properties in a required temporal and spectral range.
I. INTRODUCTION
The search for sensitive and fast photorefractive crystals suitable for the infrared optical region is an important task due to a variety of potential applications of such materials in optical communication networks, data processing systems, or high-speed optoelectronic devices ͑as real-time interferometric sensors, phase-conjugated mirrors, etc.͒. The technique of light diffraction by a transient grating has been widely used to characterize photoelectric and nonlinear optical properties of bulk semiconductors and structures, [1] [2] [3] but mainly at relatively few wavelengths, namely those emitted by appropriate solid-state lasers. High-power lasers have been used to generate nonequilibrium carriers by two-photon, interband, or deep trap assisted absorption, thus creating bipolar plasma with carrier density of 10 17 -10 18 cm Ϫ3 . Investigation of the resonant optical nonlinearities in the vicinity of band gap ͑e.g., coherent interaction 4 or electroabsorptive effects in quantum confined structures 5 ͒ necessitated the use of tunable laser sources, such as Ti-sapphire or dye lasers. We will show in this article that parametric devices allow as well to write the transient gratings and do short pulse spectroscopy at nonresonant light-matter interaction. Thus a direct investigation of the wavelength dependence of midgap impurity related photoexcitation and carrier transport is possible at wavelengths well below the band gap. Moreover, application of parametric devices for investigation of optical nonlinearities would help for optimalization of photorefractive properties of the crystals in the infrared region.
In this article we present, to the best of our knowledge, the first studies of photorefractive semiconductors by using a parametric light source. The goal of this work was twofold: to test the coherent properties of a picosecond optical parametric generator ͑OPG͒ and perform time-resolved carrier transport measurements by the degenerate four-wave mixing ͑DFWM͒ technique in CdTe crystals at nonresonant excitation conditions, when the absorption coefficient is only few cm
Ϫ1
. We demonstrate that nonlinear optical measurements of light diffraction in photorefractive CdTe crystals reveal the features of carrier generation and transport, dependent both on the charge state of deep impurity ͑vanadium or germanium͒ and light-created space-charge ͑SC͒ electric field.
II. PARAMETRIC DEVICE AND EXPERIMENTAL SETUP
The optical scheme used to optimize pump-laser parameters as well as a configuration of an angular-tunable OPG are shown in Fig. 1 . A commercial passively and actively mode-locked yttrium-aluminum-garnet ͑YAG͒ laser, operating at 10 Hz repetition rate was used as a master oscillator. It provided a single pulse of 27 ps duration at ϭ1.06 m, which was spatially filtered ͑by lenses L 1 , L 2 , and pinhole D͒ and amplified. The output beam had an energy of 7-8 mJ per single pulse and a beam diameter of 6-8 mm. It was used as input beam to a potassium dihydrogen phosphate ͑KDP͒ crystal which generated the second harmonic. The /4 plate ͑P͒ allowed us to adjust the polarization of the fundamental to achieve efficient frequency doubling and obtain the required polarization of the second harmonic ͑SH͒. The DFWM configuration ͑Fig. 2͒ was used to determine the temporal coherence of two interfering OPG beams by measuring light diffraction efficiency on a transient grating. 6 The grating was recorded in GaAs crystal by two s-polarized beams at 940 nm by varying the delay between these beams (⌬t) over a range of a few mm. Monitoring the diffraction efficiency of the grating by the delayed probe beam at the fixed delay time ⌬t p ϭ2 L ͑here L is duration of the OPG pulse͒ as the arrival time of one excite beam was varied with respect to the other, we measured the autocorrelation trace of the diffraction efficiency. The duration of the OPG pulse was measured by the SH autocorrelation technique 7 in the LiIO 3 crystal using two p-polarized OPG beams at 1240 nm. Thus we used the shorter wavelength of the OPG ͑which is stronger absorbed in the vicinity of the absorption edge of CdTe and GaAs to record the gratings in these crystals, while the longer OPG wavelength was found strong enough to generate second harmonics in LiIO 3 crystal.
Using the parametric device, we recorded transient free carrier ͑FC͒ gratings and studied carrier modulation dynamics in variously doped semi-insulating samples of CdTe in a standard configuration of DFWM 8 ͑see Fig. 2͒ . The beam of the OPG was divided into two parts, which intersected at an angle of 13°. Transient gratings with a period of 4.2 m were recorded in CdTe crystals by using s-polarized beams at ϭ940 nm. A third beam from the OPG was delayed up to ⌬t p р1.5 ns and used as a probe beam to monitor the temporal decay of the recorded grating. The energies of incident (I 0 ), transmitted (I T ), and diffracted (I 1 ) signals were measured by InGaAs photodiodes and a data acquisition system, connected to a personal computer. The simple relationship between the measured signals and the refractive index modulation ⌬n is given by Eq. ͑1͒
where d is the sample thickness, and ⌬n follows from the Drude-Lorenz model
Here ⌬N e and ⌬N p are the concentrations of electron and hole instantaneous modulation, m e and m p are effective masses of electrons and holes, and g 2 corresponds to bandgap frequency. Measuring the dynamics of free grating decay at very small refractive index modulation ͑⌬nр10 Ϫ5 , thus in Eq. ͑1͒ sin(⌬nd/ cos )Х(⌬nd/ cos ), and I 1 (t) ϰ͓⌬n(t)͔ 2 ͒, we were able to monitor refractive index instantaneous value and get deeper insight into carrier generation, transport, and recombination mechanisms.
III. RESULTS AND DISCUSSION

A. Parameters of the parametric device
In Fig. 3 we present the autocorrelation traces of the SH intensity and of diffraction efficiency. The duration of the OPG pulse was determined by fitting the measured SH autocorrelation curve with the calculated one. The best fit to the measured half-width of SH Ϸ20 ps ͑curve 1͒ corresponds to the duration of a Gaussian pulse of the OPG L Ϸ14 ps, which is in agreement with the well-known relationship SH / L ϭͱ2. 7 The autocorrelation trace of the diffraction efficiency ͑curve 2͒ is much shorter than the pulse width because of the spatial modulation of the interference pattern by random phase modulation in the OPG pulse. Hence, the in- stantaneous amplitude of the refractive index ⌬n(⌬t) follows the temporal coherence function ⌫(⌬t), which in a nonlinear way affects the diffraction efficiency: (⌬t) 
B. Dynamics of free carrier gratings in CdTe
Using the parametric device, we investigated carrier dynamics in variously doped semi-insulating crystals of CdTe. The samples used had different deep impurities ͑Ge or V͒ and various charge states of the vanadium impurity. The presence of vanadium ͑or germanium͒ creates a deep level at ϷE c Ϫ0.8 eV 9 ͑or E v ϩ0.73 eV 10 ͒ which stabilizes the Fermi level close to the midgap, producing the semi-insulating behavior. Charge states and their densities in CdTe:V were determined by the electron paramagnetic resonance and magnetic circular dichroism techniques 9 for the used samples. The two charge states of the deep donor, namely the unionized state V 2ϩ and the ionized one V 3ϩ , were present in a sample B23 with their densities of 4.7ϫ10 15 cm Ϫ3 and 6 ϫ10 15 cm Ϫ3 , correspondingly. In another sample, B28, which was codoped with a shallow acceptor As, the ionized donor state V 3ϩ dominates, and its concentration was 3.5 ϫ10 16 cm Ϫ3 . The doping with Ge may lead to various effects: formation of a deep acceptor level at E V ϩ0.73 eV with its very high capture cross section, 10 substitution of Te or/and Cd atoms by Ge, 10 and inversion of a type of photoconductivity from p to n by increasing the dopant density. 11 The absorption coefficients for the given CdTe crystals were equal to a few cm Ϫ1 at ϭ1.064 nm, thus 3-5 mm thick samples were excited nearly homogeneously at the used OPG wavelength ϭ940 nm.
In photorefractive CdTe:V crystals, nonequilibrium electrons are generated due to photoionization of deep donor state. In turn, neutralization of an ionized deep impurity state will result in hole generation. Usually the photoionization cross section for electrons exceeds the one for holes, thus photogenerated free electron concentration N e is higher than the hole concentration N p . Indeed, electrons were found as the major carriers at excitation by 1.17 eV quantum energy. 12 In As-codoped CdTe, the generation of holes is expected by transitions from the valance band to the empty V 3ϩ states. In CdTe:Ge, a sign of photogenerated carriers may vary with the dopant density 11 and quantum energy of the incident light. 10 Decay of FC gratings in CdTe:V is shown in Fig. 4 . At low excitation levels ͑see curve 3͒ a two-exponential decay process is evident. Assuming that the initial grating decay with time constant 1 ϭ170-190 ps is governed by diffusion, we estimated carrier mobility 1 ϭ980Ϯ50 cm 2 
2 (e/kT 1 ). The given mobility value was found to be very close to an electron mobility in undoped CdTe ͓ e ϭ1000 cm 2 V Ϫ1 s Ϫ1 ͑Ref.
13͔͒ and pointed out that electrons are generated very efficiently at 940 nm wavelength. The diffusive decay of the electron grating builds up an internal SC field between the electrons, transferred to the grating minima, and the photoionized vanadium states in the grating peaks. The created SC field affects the further carrier transport: a drift of electrons in the SC field compensates the diffusive current, and grating decay slows down, revealing a second decay component with 2 ϭ1.2 ns, which is linked to electron recombination time R .
14 At higher excitations only recombination-governed decay component R ϭ1.1 ns is seen in CdTe:V, as far the SC field is already created during the action of the laser pulse ͑Fig. 4, curve 1͒. In the latter case, the buildup time of the SC field is determined by the dielectric relaxation time di ϭ⑀⑀ 0 /eN e e which is shorter than the duration of OPG pulse. This feature of excitation-dependent grating decay time indicates that the power of the parametric device allows us to generate high carrier concentrations.
In the As-codoped sample, where hole generation is much more effective than electrons, the hole diffusion with a time of 2 ns is expected to dominate in decay of FC grating at low excitation levels. At the used higher excitation levels, an exponential decay of grating with a time constant of 380 ps was found ͑see Fig. 4 , curve 2͒. Thus we approach bipolar plasma regime, but still have a concentration of holes higher than that of electrons. The photogenerated carrier concentration is high enough to ensure the buildup of the SC field by the dielectric time constant ͑i.e., during the action of the laser pulse͒ which afterwards decreases at a similar rate as that of the photoexcited carrier modulation. Due to a small effective mass of electrons, their contribution to the refractive index modulation is more pronounced ͓see Eq. ͑2͔͒, thus the values of Dϭ11.6 cm 2 s Ϫ1 and mobility ϭ460 cm 2 V Ϫ1 s
Ϫ1
, estimated from the given above grating decay time, correspond to the diffusion of a bipolar plasma with N p ϾN e .
The kinetics of free carrier grating decay in Ge-doped CdTe ͑Fig. 5͒ revealed a very fast initial grating decay with 0 Ϸ60-80 ps which develops with time into the double- FIG. 4 . Free carrier grating decay in two differently grown CdTe crystals: vanadium-doped ͑1,3͒ and As-codoped ͑2͒ at excitation densities of ϳ3 mJ cm Ϫ2 ͑1,2͒ and ϳ1 mJ cm Ϫ2 ͑3͒. The solid lines are the best fit curves to the experimental data.
exponential decay. The latter part is composed by the diffusion-governed decay component ( 1 ϭ210 ps) and deep-trap governed recombination tail ( 2 ϭ1.9-2.1 ns). The essential decrease of the diffraction efficiency until the SC field is formed ͑what is contrary to CdTe:V at the same excitation power͒ indicates the overlapping of a very fast carrier trapping with diffusion: the initial part of the grating decay is even faster than the pure electron grating decay ͑170 ps at the given grating spacing͒. For the used quantum energy hϭ1.32 eV, the electrons can be generated from the level at E v ϩ0.4 eV 10 as well as by two step transitions ͑via the temporarily filled acceptor at E v ϩ0.73 eV͒, or by twophoton interband transitions. These electrons may be rapidly captured by shallow and deep donors above the Fermi level, and probably the center at E c Ϫ0.6 eV with its huge capture cross section for electrons 5ϫ10 Ϫ14 cm 2 ͑Ref. 15͒ dominates in this process. This behavior is consistent with the previously found ''lifetime-killing'' effect in CdTe:Ge, 10 leading to a weak response of a germanium-doped CdTe crystal when used as a nuclear detector.
In conclusion, we recorded transient free carrier phase gratings using a parametric device and measured carrier transport features in light-created internal space-charge electric fields, whose strength and origin depend on deep level charge state and electron-hole competition. The experimental data at a fixed OPG wavelength confirm the applicability of the parametric device for nonresonant DFWM experiments. The given technique using a picosecond parametric device would allow the direct determination of wavelengthdependent carrier generation and recombination processes in compound crystals and, thus, optimization of their photoelectric and photorefractive properties in a required temporal and spectral range. FIG. 5 . Free carrier transient grating decay in Ge-doped CdTe at excitation density of ϳ3 mJ cm Ϫ2 . The solid line is the best fit curve to the experimental data.
